Background: Microcephaly is one of the most common fetal structural abnormalities, and prenatal microcephaly is considered a group I malformation of cortical development diagnosed according to ultrasound (US) skull measurements. Purpose: To evaluate the agreement between fetal head US and magnetic resonance imaging (MRI) biometric measurements of suspected microcephalic fetuses. Material and Methods: This institutional review board-approved retrospective study with waived informed consent included 180 pregnant women and was conducted at our medical center from March 2011 to April 2013. Biparietal diameter (BPD) and occipitofrontal diameter (OFD) results of fetal head US normograms were compared to normograms for MRI. We used Pearson and Spearman rho non-parametric correlation coefficients to assess the association between two quantitative variables, paired t-test for paired quantitative variables, and McNemar test for paired qualitative variables. Results: The average BPD but not the average OFD percentiles in fetal head US differed significantly from the MRI results (P < 0.0001). When looking at the accepted microcephaly threshold, both BPD and OFD percentiles differed significantly from MRI (P < 0.0001 and P < 0.004, respectively). There was no correlation between US-measured skull biometry and MRI-measured brain biometry. Estimated cerebrospinal fluid volumes were significantly lower in the study group compared to 120 fetuses with normal findings in prenatal head US and MRI. Also, we have created a MRI-based normogram of fetal head circumference and gestational age.
Introduction
Microcephaly is one of the most common fetal structural abnormalities, and prenatal microcephaly is considered a group I malformation of cortical development diagnosed according to ultrasonography (US) skull measurements (1) . It is defined as a head circumference (HC) >3 standard deviations below the mean or below the second percentile for gestational age (GA) (2) (3) (4) . These definitions, however, continue to be a matter of considerable controversy (5) (6) (7) . The microcephaly phenotype can be constitutive, related to ethnic background, part of genetic syndromes, the result of congenital infections, following hypoxic-ischemic damages, and more (1, 8, 9) . Microencephaly is defined as an abnormally small brain and it usually implies microcephaly because skull growth is driven by brain growth (10, 11) .
There are several sonographic growth charts for the evaluation of intrauterine growth and fetal head biometry (5, (12) (13) (14) . They all use the skull circumference as the main measurement of head growth, not the actual brain size and its different parameters (15) (16) (17) . The sonographic prenatal diagnosis of microcephaly is challenging, since US has a relatively low sensitivity and specificity in detecting prenatal microcephaly (5, (18) (19) (20) (21) . The technical difficulties in assessing the brain size and structures increase as the pregnancy progresses with time due to skull ossification (18) . Unlike US, magnetic resonance imaging (MRI) enables precise analysis of embryonic brain biometry, and there are different normograms for both skull and cerebral MRI measurements (18, (22) (23) (24) (25) (26) .
The aim of our study was to evaluate the agreement between fetal head US and fetal head MRI biometric measurements, to see whether changes in cerebrospinal fluid (CSF) volume may lead to discrepancies between fetal head US and fetal head MRI measurements, and to create a curve presenting the relationship between fetal head MRI variables and GA.
Material and Methods
This was a retrospective study, approved by the institutional review board (IRB) of our Medical Center. Informed consent was waived by the IRB.
Patients
The study included 83 sequential fetal head MRI scans obtained in our department from March 2011 to April 2013 following US-based suspected microcephalic fetuses, defined as HC ! 2 SD below the 2.5th percentile, with or without intrauterine growth retardation (IUGR) and estimated fetal weight (EFW) ! 2 SD.
Additional inclusion criteria were single fetus and fewer than 21 days between the performance of fetal head US and fetal head MRI, which is an accepted protocol at our medical institute. All pregnant women included were referred to fetal head MRI in our institution following fetal neurosonography imaging by an obstetrician/gynecologist specialized in the field of US imaging (27) . Twenty-three cases were excluded from the study: in one case, HC was at the 5th percentile according to Chervenak and Hadlock normograms; in four cases, there was a lag of more than 21 days between US and fetal head MRI studies; and in 18 cases, not all of the ultrasonographic data were specified in the files. The ultrasound scans were done either in our institute or in other facilities. None of them were performed by the physicians reviewing the MRI scans. Once an US report was transferred to our department, as part of the request process for a fetal MRI, both physicians participating in our study reviewed the report before approving the fetal MRI report. All data were reviewed by an experienced neuro-radiologist (CH) with 14 years of experience in reviewing fetal head MRI and an experienced gynecologist (EK) with eight years of experience in reviewing fetal head US and fetal head MRI. Since this was a retrospective study, we cannot provide inter-observer and intra-observer variance. MRI was performed only in cases that were in consensus agreement of both reviewers.
Imaging studies
All participants refrained from eating or drinking fluids with sugar 4 h before the MRI study, which was performed without sedation. Scans were obtained using a 1.5 T MR system (GE Healthcare, Milwaukee, WI, USA). A single-shot fast spin echo T2-weighted (T2W) sequence in three orthogonal planes was employed with a slice thickness of 3-4 mm, no gap, using a flexible coil (eight-channel cardiac coil). The field of view (FOV) was determined by the size of the fetal head and ranged from 24 cm for the smaller fetuses and up to 30 cm for the larger fetuses. Other parameters were: matrix, 320 Â 224; TE, 90 ms; TR, 1298 ms. A FSPGR T1 sequence was performed only in the axial plane with a larger FOV of 40 cm, 4-mm slice thickness and 0.5-mm gap, TR 160 ms, and TE 2.3 ms. A diffusion-weighted (DW) sequence in three orthogonal planes was performed with a 40-cm FOV, a b-value of 0 and 1000 or 700 ms, and a slice thickness of 4 mm with no gap.
The original neurosonogram raising suspicion of in utero microcephaly had been performed as described in 2007 (28) . Biparietal diameter (BPD) and occipitofrontal diameter (OFD) values, regarded as the accepted parameters of fetal brain biometrics, were measured by MRI and US according to previously published guidelines for each modality ( Fig. 1) (24, 29) . Shortly, BPD and OFD were measured using US at the transventricular plane. Measurement of BPD was performed by using an outer to inner technique to avoid artifacts. HC was measured using ellipse-shaped region of interest (ROI) around the exterior border of the skull bone echoes. Alternatively, HC can be calculated from BPD and OFD by using the approximate equation as described by Chervenak et al. (3) . Fetal head MRI and US estimation of skull and brain volumes were measured and calculated using the ellipse volume equation, in which the first parameter is BPD, the second parameter is OFD, and the third is a vertical line measured from the vertex of the skull to the skull base when performing fetal head US or a vertical line from the proximal midbrain to the edge of the cortex when performing fetal head MRI. CSF volumes were calculated by reduction of estimated brain volume from estimated skull volume. These values were compared with data we had of 120 fetuses with normal findings in prenatal head ultrasound and fetal head MRI obtained during [2009] [2010] [2011] [2012] [2013] .
US percentiles and standard deviations were extracted from commonly used normograms by Chervenak (BPD, OFD, and HC) and Hadlock (BPD and HC) (3, 17) .
Fetal head MRI normogram of HC and GA
In their article on how to construct ''normal range'' for fetal variables, Royston and Wright state that polynomials often provide adequate curve shapes to present the relationships between fetal variables and GA (30) . They also recommend fitting polynomials of no higher degree than cubic because often the fitted curves will exhibit unrealistic features such as waviness or sharp deviations. We have decided to adopt this approach and will present the curves of HC in relation to GA with cubic polynomial fit.
Statistical analysis
The Pearson and Spearman rho non-parametric correlation coefficients was used to assess the association between two quantitative variables, paired t-test for paired quantitative variables, and McNemar test for paired qualitative variables.
All tests applied were two-tailed, and a P value of 5% or less was considered statistically significant. The IBM SPSS statistical software, (version 20; 2012, IBM, Armonk, NY, USA) was used in the analysis of data.
Results
After the exclusion of 23 participants, a total of 60 fetuses were included in the study.
Their mean GA at the time of fetal head US and fetal head MRI acquisition was 33.2 AE 3.4 and 34.2 AE 3 weeks, respectively. Eighteen fetuses were male, 32 were female, and the gender of ten fetuses was not recorded. Fifty fetuses were lying in a head position and the other ten were in a breach position. The mean interval between US and fetal head MRI scanning was 7.4 AE 6.2 days. The BPD and OFD results were converted to percentiles AE SD by Chervenak and Hadlock normograms for fetal head US and compared with Garel normograms for fetal head MRI (3, 17, 24) . US measurements of BPD were recorded in 58/60 of the scans and OFD measurements were available in 35/60 of the scans. Forty-two of the 60 fetuses (70%) were diagnosed as having IUGR. The US and fetal head MRI biometric findings of the included fetuses are shown in Table 1 . Abnormal anatomical findings were found in five cases and included Chiari 2 with meningomyelocele, posterior fossa cyst, esophageal atresia, severe IUGR, and polyhydramnion. Two of these five fetuses had both BPD and OFD values consistent with microcephaly in fetal head MRI (Fig. 2) , two other fetuses were at the third percentile of the BPD and OFD measurements, and one fetal head MRI head biometry was within the normal range, probably due to obstructive hydrocephalous.
With fetal head MRI, we found only one fetus with BPD 2.5th percentile (1.7%), compared to 49/58 cases (84.5%) and 53/58 cases (91.4%) when using the Hadlock and the Chervenak normograms for fetal head ultrasound, respectively (P < 0.0001 for each, McNemar test, Table 2 ). When analyzing mean percentiles and comparing fetal head MRI and US BPD measurements using the Chervenak and Hadlock normograms, we also found a highly significant difference (fetal head MRI BPD 16.1 AE 17.5, Hadlock-based US BPD 4.9 AE 14, US Chervenak-based BPD 3.1 AE 12.8, P < 0.0001 for each, T test) (Table 1, Fig. 3 ). No correlation was found between the fetal head MRI and US BPD percentile values by either the parametric Pearson Fig. 4) . We did not find any correlation between the fetal head MRI and US OFD percentile values by either the parametric Pearson correlation (0.345) or the non-parametric Spearman rho test (0.463).
When comparing the estimated skull, brain, and CSF volumes, the fetuses were divided into two groups: GA of 30-33 weeks and GA ! 34 weeks. (Fig. 3b) . (b) Box-plot diagram of the percentile difference between fetal head MRI OFD measurements and the US ones according to Chervenak. In both groups, the estimated skull, brain, and CSF volumes were significantly smaller in the study groups compared with the control groups (P < 0.05, data not shown, see an example in Fig. 5) .
Next, by using the fetal head MRI data, and the Royston and Wright method to construct ''normal range'' for fetal variables, a plot of HC versus GA with cubic polynomial fit were constructed (Fig. 6) (30) .
Discussion
Microcephaly is considered a major brain malformation and may be associated with severe neurological outcome. Prognosis depends on several factors, including severity, etiology, presence of other malformations and associated anomalies, and whether it is part of a syndrome (9, 31) .
US is considered the gold standard imaging modality for the detection of prenatal microcephaly. It is safe to use in pregnant women, there are no known side effects, it is readily available, simple to operate, inexpensive, and has been used for many years. However, the operator skill influences the results. Moreover, as the pregnancy progresses, the ossification of the skull forms an acoustic barrier and the quality, including measurements, decline (32) . As a result, the visibility of the fetal brain's morphology becomes progressively limited and only the skull size can be accurately measured. Another drawback is the position of the fetal head: when the fetus turns and faces the mother's pelvis, the bony structures of the maternal pelvis not only impede the US beam, but can also change the shape of the skull resulting in measured values characteristic of microcephaly in a normal fetus with a normal brain (33) . Other difficulties which can affect the imaging accuracy include the maternal body size and oligohydramnion.
US-based microcephaly is defined as HC > 3 SD below the mean or below the 2nd percentile for GA. However, in many medical institutions, it is a common practice to consider HC measurements 2.5th percentile or ! 2 SD as a ''small head circumference'' or as a ''suspected microcephalic fetus,'' a diagnosis which requires further medical attention and exclusion of various intrauterine pathologies (5, 31) . Follow-up is needed because of the relatively low sensitivity and specificity of US in detecting microcephaly as previously described, and in light of increasing evidence that head biometry of ! 2 SD or <5th percentile seems to be associated with an elevated incidence of neurological disorders (7, 31) . The mothers of these fetuses may be advised to subsequently undergo fetal head MRI.
MRI has several advantages over other imaging techniques: it can produce superior anatomic images of the fetal brain and it can demonstrate level of myelination which is an important process during CNS maturation (27, 34) . The disadvantages in this setting are mainly attributed to fetal movements during the scan, which can seriously impair image quality (35) .
We show a significant discrepancy between fetal head MRI and fetal head US studies of BPD and OFD in fetuses with US-suspected microcephaly. While most of the US measurements of BPD and OFD were at the 2.5th percentiles, the vast majority of fetal head MRI measurements were above the 2.5th percentile.
US skull and fetal head MRI brain biometry are not well correlated. As noted earlier, BPD and OFD values are based on US skull measurements, while fetal head MRI measures the brain tissue, and it is known that brain and skull growth are tightly connected (10, 11) . We found no correlation between the two parameters.
So far, there were no normograms for fetal head MRI HC and GA. Using the data from this study, such a normogram was created. This may be used to show that some of the US-defined microcephalic fetuses have actually normal brain biometrics under fetal head MRI.
Finally, we found that among fetuses of the study group with a GA of 30 weeks and older, estimated volume of CSF is significantly lower when compared to fetuses of the control group of the same GA. This can imply that based on currently used definitions, fetal head US may point to a microcephalic fetus even when the size of the brain is normal, as the result of reduced CSF volume.
There are several limitations to our study, including lack of clinical follow-up of the fetuses and the relatively small number of OFD measurements using the fetal head US. Though it was not substantial, there is still adequate statistical strength to support our results. Some of the US data were sent to us from physicians nationwide and not all were performed by the same physicians. However, the International Society of Ultrasound in Obstetrics and Gynecology has established stringent guidelines on how to perform sonographic examinations of the fetal central nervous system and they are being strictly followed in the country (29) .
When analyzing such imaging data, both interobserver and intra-observer variance should be addressed. However, since this was a retrospective and not a prospective study, the fact that an MRI study was performed means that both physicians agreed that it was necessary, excluding any inter-observer or intra-observer variance.
In conclusion, there is a significant difference in fetal head measurements between fetal head US and fetal head MRI, such that the diagnosis of microcephaly by US alone is not sufficient and should be validated by fetal head MRI before a final diagnosis is established and consultations with the parents are held.
